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Abstract: We present optical identification of deep level defects in as-grown and annealed GaBixAs 1−x (x = 0, 0.013
and 0.015) alloys grown at different temperatures (220 °C and 320 °C) by using photo-modulated reflectance (PR)
spectroscopy and photoluminescence (PL). The PR measurements are employed at above- and below-bandgap excitations,
and the PR line-shape is analyzed by the third derivative functional form (TDFF). The PR at below-bandgap excitation
reveals transitions at 0.757 ±0.001 eV and 0.710 ±0.002 eV at 30K and 300K, respectively. Franz-Keldysh oscillations are
observed in all samples under above-bandgap excitation at PR measurements, and the built-in electric field, which may
originate from the charged As-antisite defects is calculated from local extrema points in the PR spectra. The decrease
in the built-in electric field after thermal annealing is explained with decreased point defect density.
Key words: Dilute bismide alloys, GaBiAs, deep level defect, antisite defect, photoreflectance

1. Introduction
GaBiAs alloys are recent members of the highly mismatched alloys (HMAs) family and attract a great deal
of interest due to their unique properties and potential in terahertz and spintronic applications [1–5]. The
bismuth-related modifications of the band structure and bandgap energy of GaBiAs provide flexibility for
bandgap engineering and make GaBiAs attractive as promising candidates for optoelectronic applications [3].
As it has been experienced in all members of the HMAs [6,7], GaBiAs alloys suffer from low temperature
(LT) growth-related crystal defects and disorders such as ~0.4 eV, ~0.55 eV, ~0.65-0.7 eV and ~0.8 eV [8–10],
among which some have also been reported for LT-GaAs. These defects may be detrimental to the optical
and electrical properties of GaBiAs alloys; therefore, they should be identified before fabrication of GaBiAsbased optoelectronic/electronic devices. When the cross-section of the defects is sufficiently high, the levels of
the existing defects may be probed by optical techniques such as photoluminescence (PL). The emission-like
spectrum of PL measurements is a powerful technique at low temperatures for determining bandgap energy
and identifying trap levels. However, nonradiative transitions quench PL intensity. Therefore, it is difficult
to observe room temperature PL if the material quality is not good enough. It is well-known that GaBiAs
suffer from defects located at around band edges and deep-level traps, resulting in nonradiative transitions
and decreased radiative recombination rates [9,11–14]. As for measuring defect-assisted PL from a sample, the
cross-section of the defect should be high [15]. If the cross-section of the defect is low, defect-assisted PL cannot
be detected even at very low temperatures.
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PR spectroscopy has proven to be a powerful and nondestructive experimental technique for studying
and characterizing bulk and low-dimensional semiconductors. PR spectroscopy is sensitive to surface and
interface fields, e.g., built-in electric fields, and optical transitions with its sharp derivative-like spectrum.
The derivative-like characteristic of the PR spectrum enables determining a variety of transitions, which
corresponds to bandgap, alloy inhomogeneity and defect-related transitions even at room temperature. Surface
or interface electric field sensitivity of PR spectroscopy also allows us to probe the existence of charged states in
semiconductor interfaces. If the internal electric field is large enough, oscillatory behavior and Franz-Keldysh
oscillations (FKOs) at the PR spectrum show themselves above the bandgap energy. It is well-known that FKOs
are evidence of large built-in electric fields [16], and analyzing this spectral property of PR provides information
about the amplitude of the built-in electric field [17]. For a doped bulk GaAs, surface electric field gives rise to
FKOs with an amplitude of a few tenths kV/cm [18,19].
On the other hand, for an undoped sample, determination of the built-in electric field with an amplitude
of a few tenth kV/cm may be an indication of another source, which leads to a built-in electric field in an
undoped sample. Recent studies have shown that undoped GaBiAs alloys have charged defects with different
activation energies [8,9], which may be the source of a built-in electric field. Therefore, we use the PR technique
to identify whether charged traps exit in GaBiAs alloys. Observation of FKOs in PR line-shape indicates that
the nature of the defect is not neutral but charged. Even though PR provides information about the levels of
existing defects, the origin of the defects cannot be solely determined by using this technique.
In this article, we present optical identification of defects in undoped as-grown and annealed GaBiAs alloys
grown by MBE. The PR results at below-bandgap excitation reveal that defect-assisted optical transitions are
the source of the observed spectrum, and the energy levels of these defect are determined approximately as
0.757 eV and 0.710 eV for 30K and 300K, respectively. The observed FKOs in PR spectrum reveal that the
defect is charged, not neutral. To find out that if the defect is Bi-related, PR measurements on LT growth of
GaAs and GaBiAs are compared at below-bandgap and above-bandgap excitation at 30 K and 300 K.

2. Materials and methods
GaBi x As 1−x samples that were used in this study were grown by MBE with various Bi concentrations (x =0,
0.013, 0.015). To investigate the effects of bismuth incorporation on optical properties, we also grew a Bi-free
sample at 220 °C as a reference. All samples were grown on a semiinsulating GaAs substrate. After the growth
of a GaAs buffer layer at 580 °C, the temperature was reduced to 220 °C, and 320 °C for the growth of the
GaBiAs samples, while the Bi-free sample was grown at 220 °C on the GaAs layer. The As/Ga flux ratio was
close to the stoichiometric value for GaBiAs layers, as required for efficient Bi incorporation and ~3 for the
Bi-free sample. The bismuth concentrations were determined by XRD. All samples that were investigated in
this study are listed in Table 1. Rapid thermal annealing was carried out at 600 °C for 60 s.

Table 1. Properties of the samples used in the study.

Sample
GaAs
GaBiAs

Growth temperature (°C)
220
220
320

Bi%
0
1.5
1.3

Code
R220
B220
B320

Thickness (nm)
230
270
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PR in bright configuration mode was carried out by using a 940 nm diode laser at 100 mW (belowbandgap excitation) and a 514 nm Ar-ion laser at 60 mW (above-bandgap excitation) as pump sources, and a
100 W halogen lamp was used as a probe source. The pump source was modulated at a frequency of 167 Hz.
A 0.5 m monochromator dispersed the reflected light. To avoid second order contributions, a long pass filter
with a 715 nm cut-on for GaAs sample (Newport FSQ-RG715) and a 1000 nm cut-on (Newport FSQ-RG1000)
during PR measurements of GaBiAs samples were placed in front of the entrance slit of the monochromator.
The PR signals were detected by a TE-cooled Amplified InGaAs and a Si photodiode by using a
conventional lock-in amplifier detection technique. To increase the signal/noise ratio, the PR signal was taken
4 times for each wavelength, and then, the averaged value was recorded, and the wavelength sweep rate was
chosen as 0.25 nm/min during the experiments. Slit width of monochromator is set as 0.3 mm for above band
gap transition and as 0.75 mm for below band gap transition.
The line-shape of the PR spectra was fitted by using TDFF [20–23],
∆R
−m
= Ae−i∅ (E − EG + iΓ)
R
where E is the photon energy; A, ∅ , EG and Ã are the amplitude, phase, optical transition energy, and linebroadening, respectively. m represents the type of the critical point depending on the dimensionality of the
structure, and its value was taken as 2.5 for the best fit.
PL measurement was made by using a 514 nm line of an Ar-ion laser, and an LN 2 cooled InGaAs
photomultiplier tube was used to detect PL signals. A lock-in amplifier recorded PL signals.
3. Results and discussion
Figure 1 shows the XRD spectra of the GaBiAs samples (B220 and B320). The sharp center peaks corresponded
to diffraction from the GaAs buffer and SI GaAs substrate layers, while the peaks located at –460 and –385
arcsec originated from the GaBiAs-containing layer for the samples B220 and B320, respectively. There were
fringes in both spectra, which indicated that both the GaBiAs layers have homogeneous Bi concentration. The
Bi concentration of the B220 and B320 samples was determined as 1.5% and 1.3%, respectively as seen in Figure
1.

Intensity (arb. unit)

B220
B320

-1500

-1000

-500

0
500
ω−2θ (arc sec)

1000

1500

Figure 1. XRD spectra of the B220 (black line) and B320 (red line) samples.
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Figure 2a shows the PL spectra of the as-grown and thermally annealed samples at 30 K. The PL signal
quenched above 100 K for the as-grown sample and above 200 K for the annealed sample B320. We could
not observe any PL signal for the sample B220 even at 30 K. It was reported that a small amount of Bi as a
surfactant enhances the structural and optical quality of GaBiAs alloys [14,24,25]. As the growth temperature
decreases, even Bi atoms behave as a surfactant, so, a higher nonradiative defect density in GaBiAs, which is
grown at very low temperatures, may be expected. Increased nonradiative defect density drastically reduces the
radiative recombination rates and causes no observation of PL emissions even at 30 K [26,27]. The reason for not
observing PL from the sample B220 even at low temperatures may be related to the lower growth temperature.
This was less effective for the sample grown at a higher temperature (B320). Therefore, the as-grown B320
sample emitted up to 110 K due to both surfactant roles of Bi atoms and higher growth temperature. As
for the annealed sample B320, the PL signal quenched above 200 K, and the PL intensity was higher than
that of the as-grown sample (see Figure 2). A negligibly small redshift (8 meV) of the PL peak energy was
observed as an effect of thermal annealing for the sample R320. Optical transition energies and FWHM values
of PL peaks were determined to be as 1.164 eV and 1.156 eV and 190 meV and 120 meV for the as-grown and
thermally annealed B320 samples, respectively. The FWHM values were larger than the recent values observed
for GaBiAs, which emitted at room temperature [11,27]. As seen in Figure 1, B320 was a homogenous material;

a)
30K

R220 as-grown
R220 annealed
B320 as-grown
B320 annealed

1.40

E nerg y (eV)

PL Intensity (arb.unit)

therefore, a broader line-width might have been originated from the localized states in the bandgap.

b)
1.35 B320
1.30

PL
1.15
As-Grown
Annealed

1.10
1.0

1.2

1.48

Energy (eV)

1.50

0

50

100

150

200

250

300

T (K)

Figure 2. a) PL spectra of as-grown and thermally annealed R220 and B320 at 30 K. The PL spectra of R220 samples
are multiplied by 20 for clarity. b) Temperature dependence of PL peak and PR transition energy of as-grown and
annealed sample B320.

The optical transition energy of the as-grown and annealed reference sample, R220, was about 1.500 eV,
and it could not be measured at temperatures higher than 30 K by using PL. In contrast to the PL results, the
temperature dependence of the optical transition energy of all the samples could be obtained with TDFF-fitted
PR as given for the as-grown B320 in Figure 2b. This result also confirmed the sensitivity of PR spectroscopy
for our samples. We will not further discuss the temperature dependence of the optical transitions that were
observed in PL and PR measurements because it is out of the scope of this paper and widely discussed in the
literature [11,12].
It is well-known that the composition dependence of the bandgap of GaBiAs is 60–90 meV/Bi% [20,27,28].
The PL peak energy ( ∼1.500 eV at 30 K) of the R220 corresponded to the bandgap of the GaBiAs with 1.5%
387
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Bi, which was consistent with the composition obtained from XRD. The PL peak energy for B320 with 1.3%
Bi was at 1.164 eV, which was higher than the expected shrinkage value of the bandgap of GaBiAs. Therefore,
this transition could be assigned to the bandgap of not B320 but defect-assisted radiative recombination. The
observed higher transition energy at the PR spectrum (1.412 eV) given in Figure 2b matched with the expected
bandgap value of B320. The energy difference between PL peak energy and band gap energy determined from
the PR was about 0.25 eV, which was also observed in the DLTS measurement [8], but its origin has not been
identified yet.
To further investigate the presence of defects, we carried out PR measurements with a 940 nm diode
laser as a pump source to excite the samples with an energy level that was lower than the expected bandgap
energy of the samples. Figure 3 shows the experimental and TDFF-fitted PR spectra of the as-grown samples
at 30 K and 300 K. The TDFF-fitted PR energies were almost the same for all samples and calculated as 0.757
±0.001 eV and 0.710 ±0.002 eV for 30 K and 300 K, respectively, and the transition energies redshifted with
an amount of ~47 meV between 30 K and 300 K. The PR linewidths of this signal were ~0.8 meV and ~2.5
meV for 30 K and 300 K, respectively. The different kinds of PR line-shapes that were observed were induced
by the phase shift ( ∅) . It is worth noting that a diode laser did not have enough energy to excite the GaAs
layer of the samples, and a long pass filter with a cut-on wavelength of 1000 nm (1.24 eV) was used in the PR
measurements for the GaBiAs samples. Therefore, the observed transitions could not be related to the second
order of the GaAs bandgap energy.

as-grown @30K

PR (arb. unit)

PR (arb. unit)

as-grown @300K

R220

B220

B320

R220

B220

B320

0.75

0.76
Energy (eV)

0.68

0.70

0.72
Energy (eV)

0.74

Figure 3. Experimental and TDFF-fitted spectra of as-grown R220, B220 and B320 samples at a) 30 K and b) 300 K.
Differently colored types of lines and red circles represent the experimental and TDFF-fitted PR spectra, respectively.

It is well known that LT GaAs has a charged As Ga point defect located in the bandgap at around
0.5–0.72 eV depending on defect concentration [29–31]. There are a few studies on identification of Bi-related
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defects in GaBiAs. Kunzer et al . showed that liquid encapsulation in Czochralski growth GaAs doped with
0/+

+/++

Bi has well-known As Ga , Bi Ga and Bi Ga

defects, and their activation energies are 0.7 eV, 0.35–0.5 eV, and

0.65–0.7 eV from conduction band edge, respectively, but Bi Ga defect density is lower than that of As Ga . They
determined that the maximum allowed Bi Ga defect concentration has to be 10% of the total Bi amount [32].
However, Ciatto et al . determined that the upper limit of the Bi Ga defect concentration is 5% of the total Bi
concentration in GaBiAs grown by MBE [33]. Mooney et al . showed that GaBiAs alloys grown by MBE consist
0/+

of Bi Ga defects, and their activation energy is 0.35–0.5 eV [9,10]. Recently, Gelczuk et al . reported a similar
kind of defects in GaBiAs alloys without identifying the type of the charged defects [34]. Also, Alberi et al.
report the effect of the deep and shallow defect state on the optical transition, but they did not discuss charged
state of these defects [35]. According to these limited recent studies on deep levels and the other recent studies
+/++

in the literature [36–38], activation energies of the well-known As Ga and Bi Ga

defects are close to each other,

and to identify the defect type, it is necessary to use different techniques such as positron lifetime spectroscopy
[39]. Referring to these studies and considering the experimental findings from PR, the TDFF-fitted transition
+/++

energies at about 0.7 eV may be attributed to the As Ga and not the Bi Ga

defect-related transition, since

the reference sample (Bi-free, GaAs) also had the same optical transition property. It is worth noting that PR
transition at ~0.7 eV could not be observed in the GaAs grown at the ideal growth temperature (570–570 °C)
[40].
Observation of FKOs in undoped materials indicates the presence of charged antisite defects; therefore,
we also carried out PR measurements at higher energies (above-bandgap excitation) than the bandgap energy
of GaAs and GaBiAs to investigate the occurrence of FKOs. Figure 4 shows the high-energy part of the
experimental spectra of the as-grown R220, B220 and B320 samples. In Figure 4, FKOs appear at a higher
+/++

energy than the bandgap of the samples. The built-in electric field values related to As Ga
3/2

determined from the slope of the 4/3π (En − EG )

defect were

− peak number curves, which were obtained from the local

extrema points of FKOs [16] and are given in Table 2. The calculated built-in electric field values were 16

PR (arb. unit)

kV/cm, 12 kV/cm and 13 kV/cm for as-grown R220, B220, and B320, respectively.

R220
B220
B320
1.40

1.42

1.44

1.46
Energy (eV)

1.48

1.50

Figure 4. Experimental PR spectra GaBix As1−x at room temperature. The arrows show the peak value used in
built-in electric fields calculation. Colored arrows show energy extrema points of the FKOs.
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Table 2. Built-in electric field values for as-grown and annealed samples.

Sample
R220
B220
B320

Electric field (kV/cm) @300 K
as-grown
annealed
16 ±0.2
15 ±0.2
12 ±0.6
12 ±0.5
13 ±1.3
10 ±1.2

The highest built-in electric field was obtained for the reference sample (R220). Incorporation of the Bi
atom into GaAs not only changes the bandgap of the alloy but also behaves as a surfactant during growth,
which increases crystal quality and reduces point defect density in the alloys. Therefore, observation of lower
built-in electric fields for the samples B220 and B320 was an indication of enhanced crystal quality [41,42]. The
built-in electric fields in the samples B220 and B320 were close to each other within the confines of experimental
error.
To understand the effects of thermal treatment on charged defect states, rapid thermal annealing was
performed. Figure 5 shows the experimental and TDFF-fitted PR spectra of thermally annealed R220, B220
and B320 samples at 30 K and 300 K. The transition energies and the linewidths of the TDFF of the PR
spectra for the annealed samples were almost the same in comparison to the results of the as-grown samples.
The optical transition energy shift was also the same as the value of 47 meV between 30 K and 300 K. The
built-in electric field tended to decrease after thermal annealing as shown in Table 2.

annealed @600C

annealed @600C

R220

PR (arb. unit)

PR (arb. unit)

B220
B220

0.75

0.76
Energy (eV)

0.68

R220
B220
B320

0.70

0.72

0.74

Energy (eV)

Figure 5. PR spectra and TDFF-fitted results of annealed GaBix As1−x at a) 30 K and b) 300 K. Differently colored
different types of lines and red circles represent experimental and TDFF-fitted PR spectra, respectively.

It was reported that thermal annealing causes precipitation of the As Ga defect. Therefore, it reduces
As Ga defect density [30,43,44]. The reason for the decreased built-in electric field may be related to the decreased
density of the charged point defects for the B320 sample.
390
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4. Conclusion
In this study, we determined defect-assisted optical trans itions in as-grown and annealed GaBi x As 1−x ( x

=

0, 0.013, 0.015) alloys by using the PR and PL methods. The samples were grown at different temperatures (220
°C and 320 °C) by MBE. The PR measurements performed at below-bandgap excitation enabled us to observe
the conduction band in defect-related transitions. Steady-state charged As Ga defect energies were obtained
from the TDFF PR line-shape as 0.757 ±0.001 eV and 0.710 ±0.002 eV for 30 K and 300 K, respectively. The
built-in electric field was determined from FKOs and tended to decrease with the incorporation of Bi and the
thermal annealing process.
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